To support high data rate wireless communications, in this paper, based on the linearly constrained constant modulus (LCCM) criterion, the reverse link performance of the multi-carrier code division multiple access (MC-CDMA) receiver, with frequency combiner, and having smart antenna arrays beamformer in base station, has been investigated over the Rayleigh fading channel. By using the Kronecker product an equivalent direct formulation, which integrates the information of spatial-domain as well as temporal-domain, with constraint matrix could be obtained. In consequence, the modified normalized LCCM-gradient algorithm is devised to adaptively implement the direct constrained optimal weights solution of the fully space-time MC-CDMA detector. We show that the proposed method outperforms the constrained minimum output energy (CMOE) algorithm and is more robust against to the signal mismatch, due to imperfect channel and direction-of-arrival estimation used in the array beamformer.
Introduction
In the conventional direct sequence code division multiple access (DS-CDMA) system, to mitigate multipath fading effect, RAKE receiver was employed due to the advantages of path diversity [4] . However, the computational complexity of RAKE receiver increases exponentially as the data transmission rates required increases. More recently, the orthogonal frequency division multiplexing (OFDM) based multicarrier (MC) modulation has been a significant technique to supporting high data rate transmission [1] , [2] . It has been applied to the CDMA to overcome capacity limit due to multipath and multiple access interference (MAI). Moreover, the MC-CDMA system, with frequency combing [3] , has the advantages of insensitivity to the frequency-selective channel, frequency diversity, and capability of handling diverse multimedia traffics. Therefore, it is desirable for future wireless communication systems and wireless LAN to achieve high data-rate. The MC-CDMA system addressed in [3] is referred to as the MC-DS-CDMA system, where each frequency branch (or subcarrier) is implemented with the DS-CDMA technique using the same code signature sequence, which is assigned to a specific user [1] , [2] . It is different from the frequency diversity only MC-CDMA system, in which only M frequency codes were employed for each related individual subcarrier. Smart antenna (SA) or in- a) E-mail: chern@ee.nsysu.edu.tw telligent antenna (IA), in which the adaptive beamforming is employed, is another alternatives to increase system capacity and performance without allocating additional frequency spectrum; it allows the system to make full use of spatial diversity due to multiple antennas [5] , [6] . This space-domain technique has been adopted to further combat multipath fading through diversity combining and provide signal to interference and noise ratio (SINR) gain by coherently combining the signals across antennas.
The main concern of this paper is using the adaptive filtering techniques to deal with the problem of MAI suppression for MC-CDMA system, with frequency combining processes, and having antenna array beamformer in base station. Moreover, in wireless communication systems, the information of channel parameters and direction-of-arrival (DOA) used in array beamformer could not be estimated perfectly, and for convenience, it is referred to as the channel mismatch problems. In such cases, the adaptive filtering algorithm based on the constant modulus (CM) criterion is a significant approach [10] - [13] to alliviate the effect due to channel mismatch. Utilizing both the advantages of frequency diversity and spatial diversity, in this paper, using the linearly constrained constant modulus (LCCM) criterion, the reverse link performance of the MC-CDMA receiver, with frequency combiner and base station smart antenna arrays beamformer, will be investigated over the Rayleigh fading channel.
By using the Kronecker product an equivalent direct formulation, which integrates the information of spatialdomain as well as temporal-domain, with constraint matrix could be obtained. In consequence, the modified normalized LCCM-gradient algorithm is derived for adaptively implementing the direct constrained optimal weights solution of the fully space-time MC-CDMA detector. With this approach the weight coefficients of SA and frequency combiner are updated, simultaneously, while in the conventional space-time MC-CDMA detector, the two-step cascaded implementation was performed [7] . For comparison, the proposed scheme is compared with the constrained LMS algorithm based on the minimum output energy (CMOE), which was suggested in [8] , [9] for MAI suppression. It is noted that under the configuration of direct implementation of fully space-time MC-CDMA receiver, the overall dimension defined as the product of D and M (where D is the number of sensors array and M is the total frequency branches used in the conventional MC-CDMA receiver), may become too large to be implemented with the family of RLS algorithm, e.g., LCCM IQRD-RLS algorithm [3] . Also, due to the fact that the space-time MC-CDMA receiver adopts the spatial and frequency diversities, simultaneously, it could be employed to achieve the desired performance, in terms of biterror-rate, with the proposed normalized LCCM-gradient algorithm as evident from the simulation results described in Sect. 4. Therefore, in this paper, only the LCCM-gradient approach is emphasized.
In what follows, the system description with spacetime model of MC-CDMA for constrained multiuser detector is first reviewed in Sect. 2. After that, in Sect. 3, the modified adaptive normalized LCCM gradient algorithm is derived to adaptively implement the constrained optimal weights solution based on LCCM criterion for fully spacetime MC-CDMA detector. In Sect. 4, the numerical results are given for comparison, and the effects of diversity technologies are addressed. Finally, some conclusions are given in Sect. 5.
Problem Formulation and Space-Time System Model
Let us consider a uniformly linear array (ULA) as depicted in Fig. 1 , where a wavefront, generated by a desired source of wavelength λ, is propagating in a D-element array of sensors from a direction θ 1 of the array boresight. For convenience, the first element in the sensors array is chosen as the reference, and with equal array spacing of λ/2, such that the array response vector (steering vector) of this D-antenna ULA can be denoted as
By suitably adjusting the weights of adaptive antenna array, the array will pass the signal from direction θ 1 toward the direction-of-arrival (DOA) for desired user and steer nulls toward interference sources located at θ k , for k 1. Next, before going through the discussion of the fully space-time MC-CDMA receiver with smart antenna beamformer, we will first briefly review the conventional temporal-domain only MC-CDMA receiver with M branches (frequency) [3] , as depicted in Fig. 2 . Let the signature code sequence of kth user be designated by a k = (..., a 
. Each data signal is spread by Nchip of time-domain signature sequences a k . Moreover, we assume that the received signal, as shown in Fig. 2 , related to the first sensor of antennas array defined in (1), is suffered from the independent frequency non-selective slow Rayleigh fading channel and additive white Gaussian noise (AWGN), and is expressed as where P k denotes the power of the kth user in each carrier, ω m is the frequency of the mth carrier, and c k,m is the frequency-domain spreading code across the mth branch for kth user. Also, parameter α k,m accounts for the overall effects of phase shift and fading for the mth carrier of the kth user, and can be modeled as Rayleigh distributed. Besides, T k is the relative delay of the kth user, and n(t) is the zero-mean complex Gaussian noise with the power spectrum density N o . Moreover, the energy of the band-limited chip waveform ψ(t) is normalized to T c , e.g.,
where T c is denoted as chip duration. In addition, we assume that the carrier frequencies are well separated such that adjacent frequency bands do not interfere with each other. We recalled that in the conventional broadband beamformer each individual sensor of antennas array is implemented by time-domain FIR filter, such that increases the degree of freedom for broadband signal processing. It will greatly enhance the capability of interference suppression, while to pay the cost for implementing large amount of computation for adjusting the weights of each FIR filter. Moreover, as indicated in [7] the two-stage cascaded structure is an alternative approach to implement the space-time receiver, that is, the temporal-domain optimal signal detection operation is executed after the optimal beamformer is performed. Although the two-stage approach is easy to implement with low complexity, the signals in two different domains might sometimes have strong relationship and influence with each other. Besides, it is not a suitable model to be used easily to directly solve the optimal weights solution for real-time implementation. Based on the above discussion in Fig. 3(b) , by using the Kronecker product, we propose a direct equivalent formulation to implement the MC-CDMA receiver, with fully space-time structure, e.g., multiuser detector with SA. It can be viewed as an extension of the MC-CDMA receiver described in [3] , with smart antennas array. In fact, the proposed space-time receiver has the same complexity as the two-stage structure, however with an appropriated adaptive filtering algorithm, both the weights corresponding to beamforming and multiuser detection, respectively, can be updated simultaneously. Based on the definition given in (1) and (2a), the received signal vector, at the front end of D-antenna ULA, can be written as
where the steering vector, s k , was defined in (1) and the Gaussian noise vector is designated by n(t) = [n 1 (t), n 2 (t), ..., n D (t)] T , from (2a) we have n 1 (t) = n(t) (corresponding to the reference sensor). We note that in the conventional approach, the output of ULA beamformer will apply to the MC-CDMA receiver illustrated in Fig. 2 . After using the space-time mapping mechanism the space-time MC-CDMA receiver, as shown in Fig. 3(a) , could be constructed, or consequently, the equivalent conceptual block diagram of the direct fully space-time MC-CDMA receiver is given in Fig. 3(b) . Based on Fig. 3(b) a modified adaptive normalized LCCM-gradient algorithm can be developed to adaptively adjust the overall weight coefficients. Next, from Fig. 3(b) , the signal received in the m th frequency branch (or subcarrier), m = 1, · · · , M, (see also Fig. 2 ) after demodulation, can be represented as
Under the assumption that the relative delay T k for desired user could be estimated, perfectly, the chip-matched filter,
i.e., ψ(t − T k − iT c ), as depicted in Fig. 3(b) , can be performed, effectively. As described earlier, since the energy of the band-limited chip waveform was normalized to T c , we have
Based on the above results, the signal after the chip-matched filter (e.g., the mechanism of integration and dump) can be represented as
In (4a), the term corresponding to noise vector, n(t), is designated by
Moreover, the constant gain, i.e., NT c = T b , can be omitted without affecting the reception performance. Therefore, (4a) can be rewritten as
Finally, after despreading by the code sequence, a 1 , of desired user, and after some mathematical manipulations, we have the baseband equivalent signal of the chip-matched filter. In consequence, the output of accumulator related to the mth branch, in vector form, is expressed as
where d k,m = c k,m α k,m ρ 1,k , and ρ 1,k is defined as the correlation between the desired user (the first) and kth interfering user
It is noted that, for convenience, the power of the code sequence within a bit duration is normalized to unity, i.e., ρ 1,1 =1, for the desired user. Moreover, by incorporating M subcarriers, (4c) can be rewritten by z = [z
where denotes the Kronecker product and is used to obtain the equivalent direct formulation for fully space-time MC-CDMA receiver. It involves the integrated information of spatial and temporal domains. In (6), the MD×K matrix D is composed of the effect of Rayleigh fading coefficients, steering vectors of all active users, and correlation between desired user and other users, and is designated by
where
T . Also, the K×K power matrix P, and K×1 data vector b are defined as
and
respectively. Since the weights related to the beamformer (see Fig. 1 ), is constrained to have desired response toward the DOA of desired signal (the so-called main beam constraint), and from [3] the constrained matrix (reduces to vector in our case) of the MC-CDMA detector, with frequency combiner (see Fig. 2 with the weight coefficients), is related to the estimated channel coefficients corresponding to the desired user. Accordingly, the overall tap weight and constraint vectors of the direct equivalent formulation can be denoted as
. . .
. . . 
Both parameters, w MC and w ant are the weight vectors of the conventional MC-CDMA receiver, with frequency combiner, and the beamformer, which are illustrated in Fig. 2 and Fig. 1 , respectively. Accordingly, the constraint matrices of c MC and c ant , (reduced to vectors in our case) are used in the conventional MC-CDMA receiver [3] and beamformer to form the constraint matrix for performing the constrained optimization.
Adaptive Implementation of Normalized LCCMGradient Algorithm
In this section, the modified adaptive normalized stochastic gradient algorithm, based on the LCCM criterion, will be derived and apply to the fully space-time MC-CDMA receiver, to implement the constrained optimization, for updating the weight vector for symbol-by-symbol decisionmaking. It can be used to alleviate the effect due to the imperfect channel parameters and DOA estimation. By CM approach the outputted signal, y(i), is with constant envelope, e.g., |y(i)| 2 =A (or simply set A=1). The cost function for obtaining the overall optimal weight vector of MC-CDMA receiver, with combining process and SA, is denoted by the mean square value of the error, where error signal is defined as e(i) = |y(i)| 2 -1, i.e.,
For simplicity and having less system complexity, the cost function defined in (12) with a linear constraint system can be implemented using the indirect constrained approach, recalled to as the generalized side-lobe canceller (GSC) or the PLIC structure [8] . Under the PLIC structure, depicted in Fig. 4 , the overall weight vector can be decomposed into two parts
where w c = c/(c H c) is not data dependent part and represents the nonadaptive portion of the solution. The remaining component w-w c is orthogonal to w c , hence, adaptable to mitigate the interference. Moreover, the blocking matrix M was chosen to satisfy the condition as Mc=0, thus ensuring othogonality between the nonadaptive (upper branch) and adaptive (lower branch) weight components. Therefore, (12) can be rewritten by
This also means that the weight vector w a computed at time n + 1 exhibits the minimum change to achieve the stable property in the steady-state environment. Consequently, we have the time-varying step-size
In practical implementation, a small positive parameter α (i.e., 0 <α ≤ 1) is added in the denominator of (20) to avoid the division by null and reducing the misadjustment noise effect during the adaptation processes. With (20), the modified adaptive normalized LCCM-gradient (or in short LCCM-Ngrad) algorithm is given by
With the time-varying step size defined in (20), (21) can be used to improve the convergence rate and stability compared with the updating equation given in (18).
Computer Simulation Results
To verify the merits of the proposed modified adaptive normalized LCCM-gradient algorithm, in this section, the performance, in terms of bit error rate (BER) and nulling capability, is evaluated and compared with the conventional CMOE-LMS algorithms [8] and the minimum mean square error (MMSE) solution, the optimal solution [6] . The modulation scheme used in the MC-CDMA system is BPSK, and Walsh Hadamard is used to generate the spreading code associated with each carrier. Moreover, in the simulation, the mismatches of imperfect channel parameters and DOA estimation are modeled by adding the zero-mean Gaussian random noise, which has 5 power of the ideal constraint condition defined in (10) . First, we would like to examine the nulling capability with the proposed modified adaptive normalized LCCM-gradient algorithm for MC-CDMA receiver, with BS SA having 5 antenna elements, 5 mobile users. In Fig. 5 , the beam patterns are given, in which the DOA of desired user is from 20
• , and DOAs for other users are from −58
• , −24 • , −3
• and 47
• , respectively. As observed from Fig. 5 , we learn that the adaptive beamformer of SA passes the signal related to the desired user from the look direction, while has deep nulls toward the directions of other interfering users. The gains of suppress undesired signal and the attenuation of the nulls are distributed between 35-60 dB.
Next, to see the advantage of our proposed algorithm, when the near-far effect is occurred, the case that one of the interfering users is with the power 40 dB stronger than the desired user is considered, and the signal-to-noise ratio (SNR) is assumed to be 15 dB. Also, the number of subcarriers is set to 8 (M=8), and the signature code sequence spread in time-domain is random generated with the code length N=32. Moreover, the DOAs of desired user and stronger interference are from 0
• and 40
• , respectively. The performance, in terms of BER, is evaluated and shown in Fig. 6 , for comparison. First, for D=3, we found that with the modified adaptive normalized LCCM-gradient algorithm, the BER performance could be very closed to the MMSE solution [6] , the optimal solution (where the weight vector is solved with the Wiener solution). Also, it outperformed the CMOE-LMS algorithm, under the environments of channel mismatch and having position error of DOA related to the desired signal used in the beamformer. This is due to the fact that the CMOE-LMS algorithm is very sensitive to the mismatch errors, such that degrades the BER performance (because of desired signal cancellation and noise enhancement). This is also true for the case with D=5, however, if more antennas are used in the ULA the better performance improvement could be achieved, due to the increasing spatial diversity. Thus, we may conclude that the modified adaptive normalized LCCM-gradient algorithm is more robust against to mismatch problems due to the inherent invariant-property provided by CM algorithm (CMA). For further discussion, a more specific case is given, from Fig. 6 , we learn that it only requires SNR=4 dB for the modified adaptive normalized LCCM-gradient algorithm with D=5 to support speech quality service (i.e., BER=10 −3 ), while for D=3, SNR=6.5 dB is needed. Hence, we have 2.5 dB SNR improvement by the space-domain processing, and reduce the power consumption at the mobile. However, with the CMOE-LMS algorithm it needs SNR=9 dB to achieve the same performance and results in 5 dB power loss to shorten the battery life. That is serious performance degradation since it could not deal with signal mismatch very well. Now, we would like to see the performance improvement of using the MC-CDMA, with SA, compared with that without SA and the conventional CDMA (with SA) systems, under the case of same equivalent bandwidth and system complexity. That is, if the CDMA with N=256 is considered as a benchmark, then the MC-CDMA with M=4 and N=64 will have the same equivalent bandwidth (under the band-limited environment, e.g., N × M=256). Moreover, the same system complexity is defined as that the product of total number of sensors, D, of SA with the total frequency branches (or subcarriers), M, used in MC-CDMA system, has the same value (M × D=16). As indicated in Fig. 7 , we found that the MC-CDMA receiver with SA, e.g., (N, M, D)=(64, 4, 4) (with the same M × D=16), performs superior to the one without using the SA, (N, M, D)=(64, 16, 1), and the conventional CDMA systems with SA, e.g., (N, M, D)=(256, 1, 16) . But, the MC-CDMA receiver without using SA might have better performance over conventional CDMA (with SA) after SNR greater than 11.6 dB, due to the frequency diversity. However, in the lower SNR cases the spatial diversity did have better performance gain of SNR. But, only utilizing both the advantages of frequency diversity as well as the spatial diversity at the same time, the desired performance could be achieved. Finally, in Fig. 8 , the comparison of the BER versus the number of user are given for the proposed adaptive modified normal- ized LCCM-gradient (or LCCM-Ngrad) algorithm and the CMOE-LMS algorithm, for D=3 and 5. Besides, DOAs of MAI are assumed to be uniformly random distributed in [60
• , 60 • ], and SNR is chosen to be 10 dB. Similar results are observed, for instance, with the same speech quality, the system capacity of CMOE-LMS algorithm with BS SA is about 10 and 15 users, respectively. However, the capacity could be increased up to 50 and 103 users, when using the adaptive modified normalized LCCM-gradient algorithm.
With the same parameters as in Fig. 5 , we would like to investigate the convergence rate, in terms of mean square error (MSE), and the capability of MAI suppression. In the top of Fig. 9 , two plots show the results with the absolute amplitudes of a K × K matrix spanned by the diagonal elements, which is evaluated by q = (DP) H w. We note that D and P were defiend in (6) , in addition, the diagonal spread of q is the measure of output MAI. From this result, we found that the diagonal spread, with the CMOE-LMS algorithm, is 113.38, which is much larger than the one with our proposed normalized LCCM-gradient algorithm, it is reduced to 7.53. Thus, it could not be used to suppress MAI, efficiently compared with our proposed scheme. As illustrated in Fig. 9 , the lower parts represent the learning curves in terms of MSE, it is of interest to point out the smaller diagonal spread leads to the faster convergence rate as evident in Fig. 9 . Consequently, we can conclude that with our proposed normalized LCCM-gradient algorithm, faster transient convergent behavior and smaller steady-state MSE, could be achieved, simultaneously. The better performance is achieved by paying the increasing computational complexity, when the adaptive step size, µ(n), defined in (20), is adopted with the proposed algorithm proposed normalized LCCM-gradient algorithm. The extra computational load, with our approach due to (20), will be increased with additionally MD − 1 additions, MD + 1 multiplications, and one division. Finally, we may conclude that the proposed fully space-time MC-CDMA receiver with the modified adaptive normalized LCCM-gradient algorithm could enhance the system capacity, while applying to the future wireless communication system as expected
Conclusions
In this paper, a new direct equivalent formulation of the MC-CDMA system, which integrated the weights of the frequency combining and beamformer of BS SA, has been developed to achieve fully space-time signal processing. Moreover, the modified adaptive normalized LCCMgradient algorithm, based on the LCCM criterion, was derived for updating the over weights, e.g., spatial-domain and temporal-domain weight vectors, simultaneously. With both frequency and spatial diversities, we showed that the proposed algorithm could be used to greatly enhance the performance compared with those of MC-CDMA without using the SA and the conventional CDMA systems, under the same equivalent bandwidth and system complexity. From computer simulations, we learn that the proposed modified adaptive normalized LCCM-gradient algorithm could be used to alleviate the effect of signal mismatch effectively, and outperformed the CMOE-LMS algorithm addressed in [8] . It is an attractive candidate for the future wireless communication systems.
